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Microbial systems are being increasingly developed as production hosts for a wide variety of chemical compounds. Broader adoption of microbial synthesis is hampered by a limited number of high-yielding natural pathways for molecules with the desired physical properties, as well as the difficulty in functionally assembling complex biosynthetic pathways in heterologous hosts. Here, we address both of these challenges by reporting the adaptation of the butanol biosynthetic pathway for the synthesis of odd-chain molecules and the development of a complementary modular toolkit to facilitate pathway construction, characterization, and optimization in engineered Escherichia coli. The modular feature of our pathway enables multientry and multiexit biosynthesis of various odd-chain compounds at high efficiency. By varying combinations of the pathway and toolkit enzymes, we demonstrate controlled production of propionate, trans-2-pentenoate, valerate, and pentanol, compounds with applications that include biofuels, antibiotics, biopolymers, and aroma chemicals. Importantly, and in contrast to a previously used method to identify limitations in heterologous amorphadiene production, our bypass strategy was effective even without the presence of freely membrane-diffusible substrates. This approach should prove useful for optimization of other pathways that use CoA-derivatized intermediates, including fatty acid β-oxidation and the mevalonate pathway for isoprenoid synthesis.
biochemicals | metabolic engineering | synthetic biology T he interest in microbial synthesis of fuels and chemicals has increased substantially as efforts to transition toward a "biobased" economy have gained momentum; however, the ability to more broadly use biological systems for chemical production is somewhat limited by the natural repertoire of biosynthetic pathways. To expand upon these options, it is useful to consider the means by which a limited number of functional conversions can lead to a broad array of structures. In many natural pathways, a carbon skeleton is initially formed from which a handful of compounds with diverse chemical architecture are generated. These compounds can be further modified by several decorating enzymes to yield an enormous array of products that exert physiological functions. For example, a few prenyl diphosphates produced from two simple isoprene units through the central isoprenoid pathway can be modified into over 50,000 functionally diverse isoprenoids by terpene-modifying enzymes (1, 2) (Fig. 1A) . Other examples include polyketide biosynthesis, where polyketide chains supplied from the iterative carbon elongation pathway can be derivatized into numerous bioactive compounds (3, 4) , and the tricarboxylic acid cycle (TCA cycle) that supplies precursors for biosynthesis of amino acids (5) (Fig. 1A) .
In an attempt to mimic nature's design for supplying structurally diverse compounds, we began with an engineered l-butanol pathway from Clostridium acetobutylicum (6), and incorporated elements from the synthesis of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) [poly(3HB-co-3HV)] in Cupriavidus necator (formerly known as Ralstonia eutropha) (7), and threonine in Escherichia coli (8) to create a unique core pathway for the production of industrially relevant chemicals and fuels (Figs. S1 and S2), particularly n-pentanol, a fuel alternative with high energy density and enhanced physical properties that would allow better integration into the current infrastructure (9) (Table S1 ). Siphoning precursors from threonine enables the in vivo synthesis of odd-chain substrates, expanding upon the natural pool of acids and alcohols that have been produced from simple carbohydrate substrates through fatty acid biosynthesis and β-oxidation (10).
However, successful implementation of a heterologous pathway designed to use nonnatural substrates (in this case to produce pentanol rather than butanol) presents two challenges. First, the extent to which each of the enzymes will accept the five-carbon unnatural substrates is unknown. Second, any limitations in activity and pathway bottlenecks are confounded by the assembly of a unique combination of genes from multiple source organisms into a single heterologous host. To address both of these obstacles, we established a bypass strategy for pathway construction that is conceptually analogous to process control in chemical engineering, where a stream split from the feed to a process unit is combined with the outlet stream from that process, thereby bypassing the unit in question. In our case, the entire pathway was divided into three modules: precursor supply (module 1), top pathway (module 2), and bottom pathway (module 3) (Fig. 1B) . Each module was then individually tested with separate inlet and outlet carbon streams to confirm in vivo functionality and establish an operating range for the constituent enzymes. Such a strategy has been used previously to identify limitations in heterologous production systems (11); however, this usually requires freely membrane-diffusible intermediates. In the current pathway, all of the intermediates are present as CoA derivatives and are retained intracellularly. Our bypass approach thus required the development of a CoA-addition/removal enzyme toolkit that would either hydrolyze metabolites within a module to provide a product stream or activate exogenously supplied free acids once inside the cell to provide the desired feed stream ( Fig. 1 C and D) . Our toolkit consists of the broad-substrate-range enzymes Ptb-Buk (from C. acetobutylicum) (12), TesB (from E. coli) (13) , and Pct (from Megasphaera elsdenii) (14) . Herein we describe efforts to design, construct, and characterize the multifunctional pathway while exploiting the uniquely designed bypass strategy with the toolkit enzymes.
Results
De Novo Design of a Unique High-Yielding Biosynthetic Pathway. The carbon skeleton of this unique pathway is established through the action of an acetoacetyl-CoA thiolase, encoded by the bktB gene of C. necator. This enzyme has been previously shown to have highest in vitro enzyme activity toward the C5 substrate (7), so is an ideal candidate enzyme to carry out condensation of acetyl-CoA and propionyl-CoA to form 3-ketovaleryl-CoA (Fig. 1B) . The genes used for the conversion of 3-ketovaleryl-CoA to valeryl-CoA include hbd, crt, and bcd-etfAB from C. acetobutylicum, encoding for 3-hydroxybutyryl-CoA dehydrogenase, crotonase, and butyrylCoA dehydrogenase with its two electron transfer proteins, respectively. Given that Bcd has been shown to be a bottleneck for butanol biosynthesis in engineered E. coli (15, 16) , we also used the highly active isozyme, trans-2-enoyl-CoA reductase (Ter). In addition, to explore a broader metabolic space with respect to the intermediates in pentanol biosynthesis, both the hbd and crt genes [involving the (S)-enantiomer] can be replaced with phaB from C. necator H16 and phaJ1 from Pseudomonas aeruginosa [involving the (R)-enantiomer] (17), respectively, to convert ketovaleryl-CoA to trans-2-pentenoyl-CoA. A bifunctional aldehyde/alcohol dehydrogenase, encoded by adhE from C. acetobutylicum, catalyzes the final steps of pentanol synthesis from valeryl-CoA.
Test of Individual Modules for Nonnatural Five-Carbon Substrates.
Because the thiolase reaction is the first committed step and establishes the core five-carbon skeleton, we began with validation of the top pathway (module 2). We previously reported the synthesis of over 2 g/L of (R)-or (S)-3HV from propionate and glucose, with up to 67% of total 3-hydroxyacids as the five-carbon 3HV (18) . This finding provided an initial proof-of-concept that high levels of five-carbon intermediates can be obtained. To complete module 2, the conversion of 3HV-CoA to trans-2-pentenoylCoA was evaluated. In general, there are two classes of dehydratases: (S)-specific enoyl-CoA hydratase (Crt) and (R)-specific enoyl-CoA hydratase (PhaJ1). Two distinct metabolic routes were examined, including one through (S)-3HV-CoA with the hbd-crt gene pair and the other through (R)-3HV-CoA with the phaBphaJ1 gene pair (Figs. S3 and S4). We found that either route led to production of trans-2-pentenoate, suggesting all enzymes examined here, Hbd, Crt, PhaB, and PhaJ1, are able to accept five-carbon substrates. The low titers compared with 3HV synthesis (∼55 mg/L versus ∼2 g/L) also identified dehydratase activity as a potential bottleneck in the full pathway, despite previous reports of high enzyme activities measured in vitro in E. coli extracts (19) .
To circumvent the need for feeding propionate, we constructed a pathway for propionyl-CoA synthesis from glucose or glycerol through up-regulation of threonine biosynthesis by overexpressing an E. coli thrA fr BC operon along with overexpression of the ilvA fr gene, encoding a feedback-resistant threonine deaminase (18) . The resulting 2-ketobutyrate can further be converted to propionyl-CoA by the pyruvate dehydrogenase complex (PDH) enzyme, encoded by the aceEF-lpd operon (Fig. 1B, module 1 ). Module 1 resulted in propionate production with titers up to 804 mg/L from glycerol when the tesB thiosesterase was overexpressed (Table 1) . At this point, both modules 1 and 2 had been validated, and we proceeded to module 3. To examine the bottom half of Fig. 1 . Metabolic pathway construction for direct microbial synthesis of pentanol from glucose or glycerol. (A) Nature has evolved an efficient way to supply structurally diverse compounds by initially forming a carbon skeleton from which a handful of bioactive compounds are generated. For example, the highly functionalized antimalarial drug Artemisinin and anticancer drug Taxol can be derived from the isoprenoids pathway; various antibiotics such as Tetracycline can be synthesized from the polyketides pathway; and precursors for synthesis of various amino acids can be supplied from the tricarboxylic acid cycle (TCA). (B) The pentanol biosynthetic pathway consists of three modules, each of which was validated separately and then assembled together. Genes in red and italics were overexpressed from inducible plasmids. (C) An enzyme toolkit was established and used to analyze the pentanol biosynthetic pathway by channeling membrane-impermeable CoA-tagged metabolite intermediates to membrane-permeable free acids, allowing for extracellular detection by HPLC. Similarly, certain free carboxylic acids can be activated with an adduct of a CoA tag using the enzyme toolkit and channeled into the pentanol pathway. (D) Tailor-made synthesis of various odd-chain chemicals can be achieved through particular combinations of the pathway and toolkit enzymes. module 3, valerate was supplemented to cultures with strains expressing the CoA-activators ptb-buk or pct to test whether the alcohol dehydrogenase AdhE could convert valeryl-CoA to pentanol (Fig. S5 ). Two versions of adhE genes were explored: the original adhE PCR-amplified directly from C. acetobutylicum genomic DNA and a codon-optimized version (denoted as adhE opt ) obtained through gene synthesis. We found that pentanol was only detectable in cells containing AdhE opt . This result was corroborated by the appearance of improved protein expression for the codon-optimized variant by SDS/PAGE analysis. Interestingly, the original AdhE gene has been used previously to produce butanol (6, 19, 20) . This result might point to a lower activity with the C5 substrates, such that improved expression is now more important. Overall, we succeeded in pentanol production with titers up to 534 mg/L from 20 mM valerate (Fig. S5) .
Next, Bcd, the remaining enzyme in module 3, was evaluated. Trans-2-pentenoate was supplemented exogenously and activated to trans-2-pentenoyl-CoA by the CoA-activator Ptb-Buk, followed by sequential conversion to pentanol, catalyzed by Bcd and AdhE opt . Module 3 produced valerate but not pentanol ( Fig. 2A and Upper Left plot in Fig. S6 ). We suspected that low production might be because of insufficient NADH supply. Pentanol synthesis from valeryl-CoA involves two reductions and requires two molecules of NADH, but valerate synthesis from valeryl-CoA, a nonredox reaction, does not require NADH. Additionally, production of valerate through Ptb-Buk yields 1 ATP. Thus, production of valerate would be energetically more favorable than production of pentanol. If this hypothesis is correct, increased NADH availability should facilitate pentanol production.
To address this limitation, we examined three solutions. First, we overexpressed yeast NAD + -dependent formate dehydrogenase, encoded by the fdh1 gene. The native E. coli formate dehydrogenase converts formate to CO 2 and H 2 without generation of any NADH and the yeast NAD + -dependent FDH1 generates 1 mol of NADH from 1 mol of formate (21) . Second, the Bcd enzyme was replaced with the Ter enzyme that directly uses NADH as the electron donor, which was shown to be more efficient (15, 22) . As previously reported (23), the Ter enzyme from Treponema denticola accepts C4 (crotonyl-CoA) but not C6 (transhexenoyl-CoA) substrates. On the other hand, Ter from Euglena gracilis works on both C4 and C6 substrates, but its specific activity on crotonyl-CoA is 10-fold lower than Ter from T. denticola. Neither enzyme had been profiled against C5 substrates. Additionally, reactions catalyzed by the two Ter enzymes have been shown to be essentially irreversible with butyryl-CoA as the substrate, but the reaction catalyzed by the Bcd enzyme has an oxidizing activity in the reverse direction (15) . Considering the distinct characteristics of the Ter enzymes, both were used in place of Bcd to convert trans-2-pentenoyl-CoA to valeryl-CoA. Under anaerobic growth conditions, 1 mol of glucose yields only 2 mol of NADH because of an inactive PDH enzyme. Because pentanol biosynthesis has an intensive requirement for cofactors, our third solution was to overexpress the PDH mutant lpd101-E354K (PDH m ), which functions under anaerobic conditions (24) . Using the anaerobically active PDH m was expected to boost the NADH yield on glucose up to four moles of NADH per mole of glucose.
Codon-optimized fdh1 genes from Saccharomyces cerevisiae and Candida boidinii were initially tested. In formate-supplemented cultures, the overexpression of either Fdh1 Sc or Fdh1 Cb resulted in the synthesis of more reduced products, including pentenol (a monounsaturated five-carbon alcohol) and pentanol (Lower three plots in Fig. S6 ). The two codon-optimized ter genes from T. denticola and E. gracilis were then compared with respect to enhancement of pentanol synthesis. Ter Td was found to have a more profound effect on enhancing pentanol synthesis than Ter Eg (Fig. S7) . Overexpression of Fdh1 Sc , Ter Td , and PDH m resulted in pentanol titers up to 1,317 mg/L from 2 g/L trans-2-pentenoate in the presence of 1 g/L formate ( Fig. 2A) . Overall, we succeeded in addressing the NADH deficiency problem and drastically improved pentanol production from an undetectable amount to more than 1 g/L.
Assembly of Individual Modules to Enable Direct Microbial Synthesis of Pentanol from Glucose or Glycerol. After validating all three modules, we linked them together to produce the C5 alcohol from a single carbon source. Modules 2 and 3 were first assembled, resulting in up to 46 and 358 mg/L of pentanol, respectively, through the phaB-phaJ1 (module 2R+3) or hbd-crt routes (module 2S+3) (Fig. 2B) . These titers are between those obtained when only module 2 was used to produce trans-2-pentenoate and when only module 3 was used to produce pentanol. These results validate previous reports that emphasize the importance of con- sidering the complete pathway for optimization of productivity (25) , and also suggest that the full synthetic capacity of module 3 is being underused, perhaps because of increased cofactor demands when modules 2 and 3 are combined or because of limited flux through Crt/PhaJ1. Because the hbd-crt route outperformed the phaB-phaJ1 route, the former was chosen for further study. Recombinant strains containing all three modules (module 1+2S+3) were constructed, and the resulting strain synthesized 19 mg/L of pentanol from glucose and 109 mg/L of pentanol from glycerol (Fig. 2C) . The lower titers from a sole carbon source are consistent with the results seen when only evaluating module 1 and the top half of module 2 (18) , and indicate a need to increase the precursor supply. In general, the use of glycerol provides more reducing equivalents [e.g., NAD(P)H] because of its higher reduction state relative to glucose (26) (27) (28) . A more reduced substrate favors energetically expensive pentanol synthesis, resulting in enhanced production compared with the use of glucose (Fig. 2C) . The use of glycerol is also expected to have less acetyl-CoA overflow as a result of lower glycolytic flux. The reduced supply of the C2 precursor would lead to product redistribution, resulting in decreased production of even-chain alcohols (ethanol and butanol), which is consistent with our observations (Fig. 2C ).
Host Engineering to Adjust Product Profiles. The observation of concomitant production of carboxylic acids in an engineered pentanol-producing E. coli strain that lacks any toolkit enzyme for hydrolysis suggests the existence of an endogenous enzymatic activity for cleaving acyl-CoA and releasing free acids. Given that phosphotransacetylase (encoded by pta), one of the acetate synthesis enzymes, has been deleted in the host strain E. coli Pal (DE3) (Table S2) , we suspected that the CoA-cleaving activity came from an E. coli endogenous tesB gene. However, tesB deletion failed to reduce acid synthesis. Guided by our previous observation that increased NADH availability not only enhanced pentanol production but boosted the pentanol/valerate molar ratios ( Fig. 2 A and B) , we then deleted the mdh gene, encoding malate dehydrogenase that catalyzes the conversion of oxaloacetate to malate using NADH as a coenzyme. Pursuing the mdh deletion was also motivated by our observation of malate and succinate byproduct formation in our recombinant E. coli strains. For physiological reasons, wild-type E. coli produces a large amount of ethanol and lactate as a way to regenerate NAD + from NADH under anaerobic conditions. Our E. coli host strain, however, is deficient in these reactions because of the adhE and ldhA deletions and, therefore, resorts to malate and succinate synthesis. To preserve NADH for our pentanol pathway as well as reduce formation of malate and succinate byproducts, we deleted the mdh gene. As expected, the mdh deletion led to product redistribution toward alcohols with increased alcohol/acid molar ratios (Fig. 2D ), most likely a result of further increased NADH availability. Additionally, we also shifted the product distribution in the opposite direction by removing the adhE gene in the pentanol biosynthetic pathway, resulting in near abolishment of alcohol synthesis (Fig. 2D) . Taken together, our results demonstrated a functional and feasible pentanol biosynthetic pathway from a sole carbon source in E. coli.
Rewiring of the Biosynthetic Pathway for Synthesis of Various Fuels
and Chemicals. With a functional pentanol biosynthetic pathway, we then focused on rerouting carbon flow in the pathway for custom synthesis of various odd-carbon numbered chemicals (Fig. 1D) . By varying the combination of pathway and toolkit enzymes and supplying various carbon sources, we achieved controlled production of propionate, chiral 3HV, trans-2-pentenoate, and valerate ( (Fig. S2) .
Discussion
Recently, two alternative alcohol biosynthetic routes, the ketoacid pathway (34, 35) and engineered reversal of the fatty acid β-oxidation cycle (10), have been investigated for pentanol synthesis in engineered E. coli, but pentanol was observed only as a minor component in the product mixture. In the latter example, propionate supplementation was also required to observe pentanol production. Moreover, these two routes are less efficient with respect to the carbon balance than our pathway, a crucial metric in the production of biofuels (36) . As illustrated in the calculation of maximum theoretical yields of pentanol on glucose or glycerol (Fig. 3) , our pathway has the potential to conserve the most carbon for alcohol synthesis. This high theoretical yield provides a benchmark for future scale-up development. The butanol pathway was also recently extended to produce 1-hexanol (37) . The reported titers were low and this pathway, as shown in previous work (10), suffers in being limited to carbon chain elongation by two carbon units. In this work, we have demonstrated the redesign of a natural pathway combined with inclusion of elements from other pathways to produce a unique route toward a variety of odd-chain chemicals, including pentanol. The bypass strategy we employed enabled the analysis of individual modules to both validate in vivo functionality of a complex multistep pathway and to identify potential bottlenecks in the fully assembled pathway. Importantly, this strategy was used even without the presence of freely membrane-diffusible substrates and should prove useful for optimization of other pathways that use CoA-derivatized intermediates, including fatty acid β-oxidation and the mevalonate pathway for isoprenoid synthesis. In the present pathway, further engineering of the internal redox metabolism, as well as improved substrate specificity and activity of pathway enzymes, should lead to economically viable and precisely controlled production of desired products.
Materials and Methods
Plasmids. Codon-optimized genes, including adhE (CAP0035) from C. acetobutylicum ATCC 824, fdh1 from S. cerevisiae, fdh1 from C. boidinii, ter from T. denticola, and ter E. gracilis were purchased from Genscript. Genes derived from C. acetobutylicum ATCC 824 (hbd, crt, bcd, etfAB, adhE, and ptbbuk), C. necator (formerly known as R. eutropha) H16 (bktB and phaB), P. aeruginosa (phaJ1), M. elsdenii (pct), Corynebacterium glutamicum ATCC 13032 (ilvA fr ), E. coli MG1655 (tesB), E. coli SE2378 (aceEF-lpd 101 ), and E. coli ATCC 21277 (thrA fr BC opeon) were obtained by PCR using genomic DNA (gDNA) templates. All gDNAs were prepared using the Wizard Genomic DNA Purification Kit (Promega). Custom oligonucleotides (primers) were purchased for all PCR amplifications (Sigma-Genosys) (Table S3) . In all cases, Phusion High Fidelity DNA polymerase (Finnzymes) was used for DNA amplification. Restriction enzymes and T4 DNA ligase were purchased from New England Biolabs. Recombinant DNA techniques were performed according to standard procedures (38) .
Compatible vectors pETDuet-1, pCDFDuet-1, pACYCDuet-1, and pCOLADuet-1 (Novagen) were used to provide individual expression of each gene under a T7lac promoter and a ribosome binding site. The PCR products were digested with restriction enzymes corresponding to the restriction site incorporated into them by their respective primers and ligated directly into similarly digested Duet vectors. Ligation reactions using pETDuet-1, pACYCDuet-1, or pCOLADuet-1 as the vector were used to transform E. coli DH10B, and ligations using pCDFDuet-1 were used to transform E. coli ElectroTen-Blue. All constructs were confirmed to be correct by restriction enzyme digestion and nucleotide sequencing. Once all plasmids were constructed, they were used to cotransform, as appropriate, E. coli BL21Star(DE3), Pal(DE3), Pal(DE3 ΔtesB), or Pal(DE3 Δmdh) to create production strains.
Bacterial Strains. E. coli MG1655(Δpta ΔadhE ΔldhA) was donated by Gregory Stephanopoulos of the Department of Chemical Engineering at the Massachusetts Institute of Technology, Cambridge, MA. E. coli Pal(DE3) was then constructed from E. coli MG1655(Δpta ΔadhE ΔldhA) using a λDE3 Lysogenization Kit (Novagen) to allow the expression of genes under the T7lac promoter (16) . Deletions of tesB and mdh genes in Pal(DE3) were achieved with P1 transduction using the Keio collection strains as donor cells (39) . The kanamycin cassette was removed using plasmid pCP20 as described by Datsenko and Wanner (40) and the successfully constructed mutant strains were verified by colony PCR using appropriate primers (Table S3 ).
E. coli BL21Star(DE3) (Invitrogen) was used as the host strain for substrate feeding experiments, including pentanol synthesis from valerate (strains BL1-BL5 in Table S2 ) or trans-2-pentenoate (strains BL6-BL12 in Table S2 ), and Pal(DE3) was the production host strain used for the rest of experiments, including trans-2-pentenoate synthesis from glucose and propionate (strains Pal1-Pal4 in Table S2 ), butanol synthesis from glucose (strains Pal5-Pal6 in Table S2 ), pentanol synthesis from glucose and propionate (strains Pal7-Pal16 in Table S2 ), pentanol synthesis solely from glucose or glycerol (strains Pal17-Pal24, Palm1, and Palt1 in Table S2 ), and propionate synthesis solely from glycerol (strain Pal25 in Table S2 ). Culture Conditions. For trans-2-pentenoate synthesis from glucose and propionate, seed cultures of the recombinant strains (strains Pal1-Pal4) were grown in TB medium at 30°C overnight on a rotary shaker at 250 rpm, and were used to inoculate, at an inoculation volume of 10%, 50 mL TB medium in 250-mL flasks for aerobic growth, and 13 mL TB medium in 15-mL glass tubes (Bellco Glass) stoppered with a butyl rubber septum for microaerobic or anaerobic growth. The septum was pierced with a 26-gauge syringe needle to achieve microaerobic conditions. All cell cultures were supplemented with 10 g/L glucose. Cultures were induced with 0.5 mM IPTG at 2 h postinoculation and incubated for another 24 h.
For the substrate feeding experiments, seed cultures of the recombinant strains (strains BL1-BL12, Table S2 ) were grown in TB medium at 30°C overnight on a rotary shaker at 250 rpm, and were used to inoculate 45 mL TB medium supplemented with 10 g/L glucose at an inoculation volume of 10% in 50-mL glass culture tubes. Cultures were induced with 0.5 mM isfopropyl-β-D-thiogalactopyranoside (IPTG) at 2 h postinoculation and incubated for another 72 h. One of the substrates, including neutralized valerate (10 mM or 20 mM) and trans-2-pentenoate (2 g/L), was supplemented to strains BL1-BL5 and BL6-BL12, respectively, at the same time of induction to provide the precursor needed for pentanol synthesis.
For pentanol synthesis, seed cultures of the recombinant E. coli strains (strains Pal7-Pal25, Palm1, and Palt1 in Table S2 ) were grown in TB medium at 30°C overnight, and used to inoculate 3 mL TB medium supplemented with 10 g/L glucose or 10 g/L glycerol at an inoculation volume of 10% in 15 mL Falcon tubes. Cultures were induced with 0.5 mM IPTG at 2 h postinoculation and incubated for another 96 h. For strains Pal7-Pal16 (Table S2) , 20 mM neutralized propionate was supplemented at the same time of induction. For propionate synthesis, seed cultures of the recombinant strain Pal25 were grown in LB medium at 30°C overnight and used to inoculate 50 mL LB medium supplemented with 20 g/L glycerol at an inoculation volume of 2% in 250 mL flasks. Cultures were induced with 0.5 mM IPTG at 3 h postinoculation (OD 600 reached 0.8∼1.0) and incubated for another 48 h. For profiling experiments with various headspace to culture volume ratios, the seed cultures of the recombinant strains (strains Pal5 and Pal6 in Table S2) were used to inoculate, at an inoculation volume of 10%, 10 mL, 5 mL, 3 mL of TB medium in 15-mL Falcon tubes, 25 mL and 10 mL of TB medium in 250-mL flasks with caps screwed on, and 25 mL of TB medium in 250-mL flask with loose caps. All cultures were supplemented with 10 g/L glucose and then incubated at 30°C on a rotary shaker. Cultures were induced with 0.5 mM IPTG at 2 h postinoculation and incubated for another 48 h. A headspace-toculture volume ratio at 4 was found to achieve the highest specific butanol production (Fig. S8) , so this culture condition was chosen to conduct any following culture experiments.
In all cases, culture medium was supplemented with 50 mg/L ampicillin, 50 mg/L streptomycin, 34 mg/L chloramphenicol, and 25 mg/L kanamycin, as required. One milliliter of culture was withdrawn at the end of the incubation period for HPLC analysis. In general, experiments were performed in triplicates, and data are presented as the averages and SDs of the results.
Metabolite Analysis. Culture samples were pelleted by centrifugation and aqueous supernatant collected for HPLC analysis using an Agilent 1200 series instrument with a refractive index detector and a diode array detector at 210 nm. Analytes were separated using an Aminex HPX-87H anion-exchange column (Bio-Rad Laboratories) and a 5 mM H 2 SO 4 mobile phase. Glucose, glycerol, acetate, 3-hydroxybutyrate, 3-hydroxyvalerate, crotonate, trans-2-pentenoate, butyrate, valerate, butanol, pentenol, and pentanol were quantified using commercial standards on a 1200 HPLC series instrument by linear interpolation from calibration of external standards.
